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A theoretical  treatment  of  the  scattering  from  horizontal-wire  antennas  over  thej 
earth  is  presented  in  Part  II.  The  well-known  electromagnetic  fields  generated 
by  infinitesimal  dipoles  in  the  presence  of  the  earth  axe  reviewed  briefly.  Thej 
fields  due  to  currents  in  extended  conductors  can  be  expressed  in  terms  of  an 
integral  over  the  occupied  volume,  but  its  evaluation  is  possible  only  when  the 
currents  are  known  in  their  dependence  on  the  properties  of  the  earth.  This  is 
true  of  the  horizontal-wire  antenna  quite  close  to  the  earth,  both  when  driven 
by  a localized  emf  and  when  acting  as  a scatterer  in  an  incident  field. 
Expressions  for  the  most  useful  component  of  the  radiated  or  scattered  field 
are  formulated  for  an  end-driven  Beverage-type  antenna  and  the  horizontal-wire 
as  a scatterer  in  the  presence  of  the  earth. 


SUMMARY 


The  discovery  and  identification  of  a vehicle  or  other  obstacle  on  or 
above  the  earth  by  radar  from  the  air  la  difficult  because  the  reflected 
signal  from  the  obstacle  is  obscured  by  the  signals  scattered  from  the 
earth.  The  intensity  of  these  latter  depends  on  the  reflecting  and  absorb- 
ing properties  of  the  earth's  surface,  which  may  be  dry,  moist,  or  frosen 
soil;  lake  or  sea  water;  or  ice  or  snow  — all  with  very  different  electri- 
cal characteristics.  Furthermore,  the  angle  of  the  incident  beam  can 
range  from  nearly  gracing  to  perpendicular  to  the  earth's  surface.  Depend- 
ing on  the  proximity  of  the  obstacle  to  the  earth,  the  currents  Induced  in 
it  which  generate  the  reflected  field  may  differ  significantly  from  their 
values  in  the  absence  of  the  earth  with  corresponding  chsnges  in  the  re- 
flected field  and  in  the  identifiable  characteristics  of  the  obstacle. 

The  primary  objective  of  the  task  is  to  determine  the  effect  of  the 
earth  on  signals  scattered  from  simple  obstacles  — especially  circular 
loops  and  combinations  of  loops  as  well  as  dipoles  — in  its  relation  to 
the  properties  and  the  proximity  of  the  earth's  surface. 

The  technical  problem  involves  the  following:  1)  A theoretical  and 
experimental  study  of  the  currents  Induced  In  circular  loops  with  various 
sixes  when  Isolated  and  when  at  different  heights  over  the  earth.  The 
loops  are  illuminated  by  a plane  wave  arriving  with  different  angles  of 
incidence.  2)  The  determination  of  the  scattered  field  due  to  the  Induced 
currents  as  compared  with  the  fields  due  to  the  currents  in  the  loops  in 
the  sbsence  of  the  esrth.  The  methods  used  Include  the  solution  of 
Maxwell's  equation  subject  to  approprlste  boundary  conditions  snd  the 
direct  measurement  with  a suitably  designed  experiment.  This  Includes 
measurements  on  loops  over  soil  st  an  outdoor  site  and  measurements  over 
a tank  of  water  Indoors.  An  apparatus  has  been  constructed  at  an  outdoor 
site  and  measurements  have  been  completed  on  single  circular  loops  and 
dipoles  over  the  earth.  These  indicate  substantial  effects  due  to  the 
earth  over  a range  of  heights  up  to  one  wavelength.  The  Indoor  apparatus 
for  msasurements  over  water  has  been  completed  and  tested  and  measurements 
are  in  progress. 

A rigorous  theoretical  formulation  has  been  couple ted.  This  involves 
the  so-called  Sommerfeld  Integrals.  A new  method  of  solution  using  the 


ill 


variational  principle  la  bo lag  davalopad.  It  la  hoped  to  conparc  theoret- 
ical and  experimental  reaulte  whan  both  are  available. 

Hhan  the  eolation  of  the  problem  of  ecatterlng  from  the  a Ingle  cir- 
cular loop  at  an  arbitrary  distance  over  the  earth  hae  been  conplated  and 
verified  experimentally,  two  and  more  coaxially  placed  loopa  will  be  in- 
vent lga  ted  aa  a first  approach  to  a thrae-dimenalonal  vehicle. 
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PART  I 

MEASUREMENT  OF  THE  SCATTERED  FIELDS  FROM  A METAL  LOOP  AND  A STRAIGHT  HIRE 

PLACED  ABOVE  THE  GROUND 

1.1.  Introduction 

A knowledge  of  the  scattered  field  from  objects  located  above  a di- 
electric half-space  is  of  interest  in  radar.  While  the  well-known  Sonser- 
feld  problem  of  radiation  from  a Hertzian  dipole  in  such  an  environment 
has  received  extensive  study  in  the  past  (see  bibliographies  in  [l]-[3]), 
the  determination  of  the  surface  current  distribution  induced  on  a finite 
object  by  an  incident  plane  wave  remains  unsolved.  This  surface  density 
of  current,  which  corresponds  to  a continuous  distribution  of  infinitesi- 
mal dipoles  that  are  dependent  on  the  geometrical  and  electrical  proper- 
ties of  the  scattering  object  and  the  presence  of  the  dielectric  half- 
space, must  be  evaluated  before  the  solution  of  the  Sommerfeld  problem 
can  be  applied  to  find  the  scattered  field. 

A conducting  thin  circular  loop  is  chosen  as  the  scatterer  because 
of  its  geometrical  simplicity,  because  a solution  for  the  current  in  the 
loop  can  be  extended  readily  to  cylindrical  or  other  objects,  and  because 
when  it  is  in  free  space,  the  current  distribution  is  known  [4].  Experi- 
ments are  being  carried  out  to  measure  the  scattered  field  from  loops  of 
different  sizes  at  different  heights  above  earth  and  water. 

1.2.  Experimental  Setup 

The  frequency  used  in  this  experiment  was  set  at  1.5  GHz,  which  cor- 
reaponds  to  a free-space  wavelength  of  20  cm.  The  transmitting  antenna 
was  supported  by  a quarter-circular  arc,  as  shown  in  Fig.  1.  The  struc- 
ture wss  made  of  low-denalty  polyfoam  with  dielectric  constant  approxi- 
mately equal  to  1.02.  Radial  holes  were  drilled  every  15  degrees  in  the 
arc  so  that  the  transmitting  antenna  could  be  mounted  at  different  posi- 
tions in  order  to  launch  waves  with  various  angles  of  incidence.  The 
transmitting  antenna  was  2 m or  10  wevelengths  away  from  the  scatterer. 

The  latter  was  sufficiently  far  from  the  antenna  so  that  it  could  be  con- 
sidered to  be  illuminated  by  a uniform  plane  wave. 


Photograph  of  tha  polyfoaa  support  structures  for  the  transnlttlng  and  receiving  antennas 


The  structure  that  supported  the  receiving  antenna  was  a seal- 
circular  arc  made  of  polyfoam,  as  shown  in  Fig.  1.  The  receiving  antenna 
was  fixed  on  a plexiglass  rod  which  could  be  inserted  into  one  of  the 
radial  holes  drilled  every  15  degrees  on  the  polyfoam  arc.  The  distance 
between  the  receiving  antenna  and  the  scatterer  was  1.5  m or  7.5  wave- 
lengths.  The  semi-circular  polyfoam  arc  could  be  rotated  to  vary  the 
azimuthal  angle  of  the  receiving  antenna.  The  azimuthal  angle  was  marked 
by  wooden  golf  tees  embedded  every  10  degrees  in  the  ground  on  a circle 
of  1 meter  radius.  To  check  the  effect  of  the  polyfoam  and  the  layers  of 
glue  in  the  semi-circular  arc,  the  signal  from  the  transmitting  antenna 
was  measured  by  the  receiving  antenna  with  the  polyfoam  arc  placed  at 
various  positions  and  angles  between  the  two.  No  difference  In  amplitude 
of  the  received  signal  could  be  detected,  and  the  change  In  phase  of  the 
received  signal  varied  less  than  3 degrees.  It  was  concluded  that  the 
structure  did  not  change  the  Incident  wave  or  the  scattered  wave  in  any 
significant  manner. 

The  block  diagram  of  the  experimental  setup  is  shown  in  Fig.  2.  The 
key  element  in  the  setup  was  the  hybrid,  which  made  possible  the  complete 
cancellation  of  the  Incident  and  reflected  fields  and  the  field  from  the 
transmitting  antenna  picked  up  directly  by  the  receiving  antenna.  The 
procedure  was  as  follows.  With  the  transmitting  antenna  and  the  receiv- 
ing antennas  set  in  their  respective  positions,  the  scatterer  or  target 
was  removed  and  the  variable  attenuator  and  phase  shifter  were  adjusted 
to  obtain  a null  reading  on  the  vector  voltmeter.  The  scatterer  was  then 
put  into  position.  The  reading  on  the  voltmeter  was  recorded  as  the 
scattered  field  strength.  It  was  found  during  the  experiment  that  the 
direct  pick-up  by  the  receiving  antenna  in  the  absence  of  the  scatterer 
was  approximately  30  dB  higher  than  the  acattered  field.  It  would  have 
been  Impossible  to  detect  any  change  In  reading  with  and  without  the 
acatterer  present  if  this  cancellation  scheme  had  not  been  used.  The 
null  or  noise  level  which  the  cancellation  circuit  was  abla  to  achieve 
was  found  to  be  better  than  -AO  dB  below  the  uncancelled  signal,  thus 
giving  a range  of  about  10  dB  for  detection  of  the  scattered  field 
strength  which,  as  mentioned  earlier,  was  about  -30  dB  below  the  uncan- 
celled signal. 


Transmitting 

Anttnno 


Fig.  2 Block  diagram  of  OKptrimontal  sotup 


1.3.  Transmitting  and  Receiving  Antennas 


The  transmitting  antenna  used  in  this  experiment  was  a half-wave, 
folded  dipole  with  one  parasitic  element,  0.51  wavelength  In  length  and 
spaced  0.25  wavelength  behind  the  folded  dipole,  which  acted  as  a re- 
flector. The  signal  was  fed  through  a section  of  coaxial  line,  a balun, 
and  a 10-meter  long  shielded  two-wire  line  before  It  reached  the  folded 
dipole.  The  balun  was  adjusted  until  the  most  symmetrical  field  pattern 
was  obtained.  The  field  pattern  is  shown  in  Fig.  3a.  The  receiving  an- 
tenna was  similarly  constructed,  except  that  the  shielded  two-wire  line 
was  7 meters  long.  The  balanced  field  pattern  for  the  receiving  antenna 
is  shown  In  Fig.  3b.  It  should  be  noted  that,  although  these  antennas 
had  neither  high  gains  nor  narrow  beams,  the  cancellation  scheme  described 
In  the  previous  section  eliminated  the  need  for  longer  or  more  complex 
arrays.  Furthermore,  balancing  the  two-wire  line  using  a simple  balun  at 
1.5  GHz  for  a long  array  was  found  to  be  rather  difficult  to  accomplish. 

In  order  to  minimize  Interference  with  the  Incident  and  received 
fields,  the  wires  attached  to  both  antennas  were  supported  by  wooden 
stands  and  were  either  perpendicular  to  the  polarization  of  the  wave,  or 
lying  on  and  shielded  by  the  ground.  The  polarization  of  both  the  inci- 
dent and  received  waves  was  in  the  ^-direction  (azimuthal  direction). 

The  supporting  structure  for  the  antenna  contributed  to  a depolarized 
component  of  -14  dB  in  the  forward  direction.  This  level  of  polarization 
purity  was  considered  to  be  adequate. 

1.4.  Properties  of  the  Ground 

The  ground  over  which  the  scatterer  was  placed  was  soil  with  no 
vegetation  within  one  meter  of  the  scatterer.  There  were  no  utility 
cables  or  pipes  under  the  experimental  area,  except  for  a plastic  sewer 
pipe,  15  cm  In  diameter,  approximately  2 meters  below  the  surface.  The 
skin  depth  of  the  soil  at  1.5  GHz  was  less  than  20  cm.  Thus  the  presence 
of  the  pipe  could  not  have  affected  the  measurements. 

The  complex  permittivity  of  the  soil  sample  on  the  ground  of  the 
experiment  was  measured  with  various  moisture  contents  and  at  different 
depths.  A General  Radio  10  cm,  coaxial  alr-llne  was  modified  to  hold  a 
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•ample  2 cm  in  length,  with  a 1.9  cm  section  of  the  remaining  line  filled 
with  air,  and  than  short-circuited  at  the  end.  This  sample  holder  was 
connected  to  e slotted  coaxlsl  line.  Date  of  the  VSWR  and  the  position 
of  voltage  were  obtelned  experimentally.  These  data  were  then 

compared  with  theoretically  calculated  contour  curves,  shown  In  Fig.  4, 
which  were  obtained  using  transmission-line  theory.  The  results  are 
listed  In  Table  1.  The  top  layer  Is  presumed  to  be  the  most  Important 
parameter  la  determining  the  overall  ground  effect  on  the  scattering  of 
the  target.  It  was  noted  that  a day  or  so  after  a moderate  rainfall,  the 
moisture  content  of  the  top  layer  was  approximately  9Z,  and  that  after 
several  days  it  dropped  to  approximately  4%.  From  the  data  In  Table  1, 

It  was  estimated  that  these  ground  conditions  corresponded  to  relative 
complex  permittivities  of  approximately  13  + 12.2  and  5 + 10.6,  respec- 
tively. 

1.5.  The  Scatterers 

Six  loops  and  one  rod  were  used  as  scatterers.  They  were  all  made 
of  brass  rod,  1/8  Inch  In  diameter.  The  dineters  (denoted  by  2b)  of  the 
loops  were  3.49  cm  (kb  - 0.55),  4.45  cm  (kb  - 0.70),  5.40  cm  (kb  - 0.85), 
6.35  cm  (kb  - 1),  7.30  cm  (kb  - 1.15),  and  8.26  cm  (kb  - 1.30).  The 
length  of  the  brass  rod  was  10  cm.  These  scetterers  were  placed  on 
styrofoam  blocks  of  the  desired  heights  when  data  were  taken. 

1.6.  Experimental  Results 

The  following  coordinate  system  was  used:  The  loop  with  rsdlus  b 
lay  In  the  x-y  plane  with  its  center  at  the  origin  of  the  coordlnete 
system.  The  positive  z-axls  was  upward  and  the  ground  coincided  with  the 
i - -h  pine.  The  axis  of  the  transmitting  antenna  lay  In  the  x-t  plane 
with  its  dipole  pointing  to  the  y-directlon.  The  Incident  wave  traveled 
In  the  positive  x and  negative  a directions. 

The  location  of  the  transmitting  antenna  was  described  in  spherical 
coordinates  by  r ■ 2.15  a,  the  polar  angle  et,  and  ve  azimuthal  angle 
“ 180",  while  that  of  the  receiving  antenns  was  denoted  by  r • 1.5  m, 
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TABLE  1 

MEASURED  RELATIVE  COMPLEX  PERMITTIVITY 


(a)  S aspic  at  Surface  Layer 


Hater  Content 
by  Weight 


11.  IX 
14. 3Z 


Complex  Permittivity 


(2  + 10.3)e( 
(5  + 10.6)e( 
(12  + 12.4)e( 
(14  ♦ 12.0)e( 
(15  + il.4)e, 


(b)  Sample  at  Dlffarent  Deptha 


Depth 


Hater  Content 
by  Weight 


Complex  Permittivity 


Surface 


13. 7X 


12. 7X 
14. 2X 


(12  + il.7)e0 
(8  + 10.7)Cq 
(7  + 10.4)eft 


13. 3X 


(6  + 10.4)ef 


I 

The  scattered  power  is  given  in  Figs.  5a-c  as  a function  of  4r,  in 
Figs.  6a,b  as  a function  of  6r,  in  Figs.  7a, b as  a function  of  the  slse 
of  the  loop,  and  in  Figs.  8a-d  as  a function  of  the  height  of  the  loop 
above  the  earth. 

The  measureaents  were  restricted  to  horlsontal  polarisation  of  the 
electric  field  with  the  loop  placed  horisontally  above  the  earth.  Even 
with  this  restriction,  the  measurcaent  of  the  coaplete  scattered  field  of 
loops  of  different  sizes,  at  different  heights,  and  with  fields  incident 
at  different  angles,  was  a forbidding  task.  Since  the  variation  of  the 
paraaeters  associated  with  the  loop  was  of  fundaaental  importance  in 
checking  a correct  theory,  it  was  decided  to  reduce  the  data  in  future 
aeasureaent8  by  obtaining  only  the  back  scattered  fields  which  are  of 
primary  practical  importance. 

When  carrying  out  the  cancellation  technique  suggested  by  T.  T.  Wu, 
it  was  possible  to  obtain  a noise  background  as  low  as  -65  dBM.  But  when 
the  scattered  signal  was  -55  dBM  or  below,  when  the  loop  was  small  (Figs. 
7a,b),  or  when  the  loop  was  at  particular  heights  (Fig.  8d) , it  was  not 
possible  to  obtain  an  accurate  reading  or,  in  some  cases,  to  detect  any 
signal  at  all.  While  the  meter  can  read  up  to  10  dBM  and  the  strongest 
signal  obtained  was  around  -37  dBM  - assuming  that  a noise  background  at 
the  level  of  -65  dBM  can  always  be  achieved  - it  is  desirable  to  increase 
the  power  output  of  the  transmitting  antenna  for  the  next  experiments. 

1.7.  Experimental  Setup  to  Measure  the  Back  Scattered  Field  from 
Conductive  Loops  Above  Water 

a)  Operating  frequency.  1.5  OHs  was  chosen  to  be  the  working  frequen- 
cy. The  dielectric  constant  for  pure  water  at  this  frequency  was  estimated 
to  be  77e0(l  + 10.0785). 

b)  The  acatterer.  Seven  loops  made  of  brass  strips,  3 mm  wide  and 
0.0762  mm  thick,  were  used  as  scatterers.  The  circumference  of  the  loops 
Increased  from  11  cm  to  29  cm  in  3 cm  steps. 

c)  The  transmitting  antenna.  A six-element  Tagl  array  was  used  as 
the  transmitting  antenna.  According  to  calculations  by  King  at  al.  [5], 
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Fig  6b  Measured  IE2I  scattered  from  loop  at  a height  d over  an  aluminum 
ground  plane  as  a function  of  fir 
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Fig.  8a  Measured  lE^I  scattered  from  loop  as  a function  of  its 
height  d over  the  earth  («,  « 5+i0.6). 
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a maximum  front-to-back  ratio  could  be  obtained  If  the  four  directors  and 
the  driven  element  were  8. 52  cm  long  and  equally  spaced  at  4.96  cm  Inter- 
vals, and  the  reflector  were  10.2  cm  In  length  and  5 cm  away  from  the 
driven  element.  Because  the  four  directors  were  supported  by  an  acrylic 
bar  0.S  inch  in  diameter,  the  length  of  the  directors  had  to  be  adjusted 
to  achieve  optimal  forward  gain.  By  trial  and  error,  a length  of  8.02  cm 
was  selected  for  the  directors.  The  field  pattern  In  the  plane  contain- 
ing the  axis  and  the  directors  of  the  antenna  Is  shown  In  Fig.  9a.  A 
back-to-front  ratio  of  -22  dB  was  obtained  and  all  the  side  lobes  were 
-19  dB  below  the  main  one. 

The  elements  of  the  Yagl  array  were  made  of  1/8  Inch  diameter  brass 
rods.  It  was  driven  by  two  rods  of  the  same  diameter,  separated  by  1/16 
inch  to  form  a two-wire  line.  These  two  wires  were  held  In  position  by 
the  same  1/2  Inch  diameter  acrylic  bar  that  supported  the  directors  and 
the  driven  element.  This  two-wire  section,  which  was  20  cm  long,  was  In- 
serted into  a brass  tube  45  cm  long  with  a half  inch  inner  diameter  so  as 
to  form  a section  of  shielded  two-wire  line  with  an  Impedance  of  about  65 
ohms.  This  was  designed  to  match  approximately  the  Input  Impedance  of 
the  Yagl  array  which  had  a resistive  part  of  about  62  ohms  [5]. 

The  two-wire  line  section  was  connected  to  a 25  cm  long  coaxial-line 
section  inside  the  same  shielding  brass  tube.  Two  slots  were  cut  in  the 
shielding  tube  in  the  plane  bisecting  the  elements  of  the  Yagl  array.  A 
double  ring,  one  part  filling  the  space  between  the  exterior  of  the  coax- 
ial line  and  the  inside  wall  of  the  shielding  tube,  the  other  part  en- 
closing the  shielding  tube,  was  screwed  together  through  the  slots  to 
form  a convenient  sleeve-type  adjustable  single-frequency  balun.  Two 
seta  of  springy  brass  fingers  were  attached  to  the  inner  ring  to  assure 
good  contact  with  both  tubes.  Without  them,  the  balun  did  not  work  at 
all.  The  balun  was  then  connected  to  an  N-type  bulkhead  receptacle  to  be 
connected  to  the  power  source. 

d)  The  receiving  antenna.  A folded  dipole  with  a reflecting  element 
comprised  the  receiving  antenna.  A shielded  two-wire  line  led  the  signal 
from  the  folded  dipole  to  a modified  GR  874-UB  balun.  The  balun  was  ex- 
tended in  length  by  inserting  four  connectors  into  it  so  that  it  could  be 
tuned  to  work  at  1.5  GHz.  The  field  pattern  in  the  plane  containing  the 
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antenna  axis  and  the  driven  element  is  shown  in  Fig.  9b. 

The  receiving  antenna  was  attached  to  the  transmitting  antenna  with 
the  driven  and  reflecting  elements  facing  and  parallel  to  one  another  to 
obtain  the  back  scattered  field.  The  front-to-back  ratio  of  the  receiv- 
ing antenna  was  enhanced  by  the  presence  of  the  directors  of  the  trans- 
mitting antenna. 

The  antennas  were  then  put  into  a cubic  box  consisting  of  one  layer 
of  Ecosorb  H-4  sandwiched  between  styrofoam  blocks  that  enclosed  the 
sides  and  backward  direction  of  the  antennas  and  left  an  opening  that  ex- 
tended through  an  angle  of  57*. 4 from  the  driving  point.  The  resulting 
far  field  patterns  of  the  transmitting  and  receiving  antennas  are  shown 
in  Figs.  10a, b for  the  planes  containing  the  respective  axes  and  the 
driven  element,  and  in  Figs.  10c, d for  the  plane  bisecting  the  driven 
element. 

e)  Supporting  structure.  A wooden  octagonal  water  tank  was  built 
which  was  303  cm  in  diagonal  dimension  and  61  cm  deep.  A Sears  vinyl 
liner  for  swlanlng  pools,  10  feet  in  diameter  and  2 feet  deep,  was  used 

1 

to  prevent  water  leakage.  The  seam  and  drainage  plug  of  the  liner  were 
taped  using  a vinyl  repair  kit  in  order  further  to  achieve  this  goal. 

A styrofoam  semi-circular  arch,  400  cm  in  inner  diameter,  was  built 
to  support  the  antennas.  The  entire  arch  could  be  raised  upward  in  1 cm 
steps  with  0.3175  cm  and  0.635  cm  as  intermediate  heights.  The  antenna 
set  was  mounted  on  the  arch  for  incident  angles  of  45*  and  a range  from 
0*  to  80*  in  10*  Increments. 

A 50  cm  square,  5 cm  thick,  plate  of  styrofoam  was  hung  from  the  top 
of  the  semi-circular  supporting  arch  by  four  vertical  Trllene  Monofila- 
ment fish  lines.  A 40  cm  diameter  disc  was  drilled  in  the  center  of  this 
plate.  Seven  similar  discs  were  made,  each  with  a loop  eart>edded  from 
below.  This  allowed  the  loop  to  be  lowered  as  close  to  the  water  surface 
as  desired.  Since  the  center  of  the  loop  coincides  with  the  center  of 
the  semi-circular  supporting  arch  and  the  antenna  set  always  moves  with 
this  structure,  the  antennas  are  always  pointing  to  the  canter  of  the 
loop. 
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Fig.  10b  Field  pattern  in  plane  of  elements  of  receiving  dipole 
with  reflector  with  absorbing  walls. 
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PART  II 

THEORY  OF  SCATTERING  FROM  HORIZONTAL-WIRE  ANTENNAS 

2.1.  Introduction 

The  problems  associated  vlth  the  scattering  of  electromagnetic  waves 
by  a wire  at  an  arbitrary  height  d over  tha  surface  of  the  sea,  a fresh- 
water lake,  various  types  of  soil  and  sand,  or  the  arctic  Ice,  are  more 
readily  understood  If  the  driven  horizontal-wire  la  studied  first.  This 
arises  In  part  from  the  fact  that  the  driven  Infinitesimal  horizontal  di- 
pole near  the  plane  Interface  between  two  electrically  different  half- 
spaces has  been  the  subject  of  serious  analytical  study  beginning  with 
the  work  of  Sommerfeld  [6],  [7],  v.  Horschelmann  [8],  Weyl  [9],  Van  der 
Pol  and  Niessen  [10],  Nlessen  [11],  Van  der  Pol  [12],  and  many  others.  A 
concise  review  of  this  early  work  Is  given  by  Bremmer  [13].  It  Includes 
the  exact  theory  and  the  related  physical  Interpretations  of  the  field  of 
the  horizontal  electric  dipole  and  of  an  arbitrary  system  of  currents  over 
the  earth.  More  recent  comprehensive  work  on  dipoles  over  the  earth  Is 
contained  in  a comprehensive  volume  by  Banos  [2],  and  in  publications  by 
Walt  [14]  and  Chang  [15]. 

2.2.  Currents  and  Field  of  the  Driven  Horizontal-Wire  Antenna  Over  the  Earth 

The  Infinitesimal  dipole  Is  a conveniently  Idealized  source  for 
studying  the  properties  of  electromagnetic  waves  In  and  In  the  presence 
of  the  earth  or  another  material  body,  but  It  Is  not  a practical  antenna 
for  point-to-point  communication.  For  actual  transmission,  antennas  of 
finite  size  with  desirable  and  known  characteristics  both  as  circuit  ele- 
ments (admittance,  current  distribution)  and  as  directional  radiators 
(field  pattern)  are  required.  The  analytical  determination  of  these  prop- 
erties is  difficult  since  they  Involve  not  only  the  shape  and  dimensions 
of  the  antenna,  but  also  the  conducting  and  dialectrlc  properties  of  the 
earth  or  other  body  near  which  It  is  located  or  In  which  it  la  embedded. 
Evidently,  the  field  generated  by  the  currents  in  an  antenna  can  be  cal- 
culated from  the  known  field  of  an  Infinitesimal  dipole  only  after  the 
distributions  of  current  have  been  determined.  The  frequently  used  ex- 
pedient of  assuming  a conveniently  elmple  distribution  Is  not  generally 
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adequate. 

An  antenna  for  which  an  analytically  determined  distribution  of  cur- 
rent Is  available  that  takes  full  account  of  the  electrical  properties  of 
an  adjacent  or  surrounding  material  half-space  Is  the  horizontal  wire, 
l.e.,  the  wire  parallel  to  the  air-  earth  boundary  at  a height  d above  or 
below  It.  When  located  in  the  air  above  but  quite  close  to  the  surface 
and  provided  with  suitable  terminations.  It  is  the  well-known  Beverage 
wave  antenna  with  Its  desirable  directivity.  In  Its  original  form  It 
consisted  of  a wire  several  wavelengths  long  and  only  a very  small  frac- 
tion of  a wavelength  (e.g.,  0.001A)  above  the  surface  of  the  earth.  Each 
end  was  grounded  through  a nonreflecting  Impedance  of  which  one  was  the 
receiving  load.  Recently,  antennas  of  this  type  have  been  considered  as 
possible  elements  in  extensive  transmitting  and  receiving  arrays  erected 
near  the  surface  of  the  earth  for  use  as  an  over-the-horizon  radar. 

The  current  distribution  along  a horizontal-wire  antenna  at  a height 
d above  a material  half-space  (earth)  depends  In  a complicated  manner  on 
the  conductivity  and  permittivity  of  the  material.  Nevertheless,  if  the 
medium  is  electrically  dense  and  the  height  of  the  antenna  sufficiently 
small,  the  current  distribution  Is  formally  relatively  simple  - actually 
simpler  than  when  the  same  antenna  Is  very  far  from  the  boundary.  The 
explanation  for  this  seemingly  paradoxical  observation  Is  found  In  the 
fact  that  when  the  transfer  of  power  Into  the  material  half-space  greatly 
exceeds  that  radiated  Into  the  air  and  so  dominates  the  distribution  of 
current,  this  has  the  simple  sinusoidal  form  that  Is  characteristic  of 
the  transmission  line.  The  loading  effect  of  the  adjacent  conducting  or 
dielectric  medium  Is  distributed  uniformly  along  the  antenna  so  that  it 
can  be  Included  in  the  series  impedance  per  unit  length.  The  current 
distribution  is  then  quite  accurately  sinusoidal  with  a complex  wave  num- 
ber that  depends  on  the  effects  of  radiation  and  dissipation  In  the 
material  medium.  Radiation  Into  the  air,  on  the  other  hand,  affects  the 
distribution  of  current  in  a manner  that  does  not  permit  Its  representa- 
tion as  a uniformly  distributed  load.  The  transmission-line  properties 
of  the  horizontal-wire  antenna  and  the  conditions  under  which  they  are 
valid  have  been  derived  theoretically  and  verified  experimentally  by  King 
et  al.  [16],  and  Sorbello  et  al.  [17]  for  a single  wire,  and  by  Shen  et 
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al.  [18]  for  coupled  wires 


The  theoretically  derived  solutions  for  the  currents  In  horizontal- 

wire  antennas  apply  specifically  only  when  the  wires  are  at  an  electrical 

height  in  air  (region  2)  given  by  k2d  < a/2  over  a material  half-space 

(region  1)  that  Is  relatively  dense.  That  Is,  the  magnitude  of  the  gen- 

1/2 

erally  complex  wave  number  k^  - + ia^  • “(Uq^)  Is  large  compared 

1/2 

with  the  real  wave  number  k^  “ “(WqEq)  of  the  air.  In  symbols, 

IV^I2  » 1.  The  complex  permittivity  of  the  material  half-space  is 
e.  ■ e + io  /«,  where  e and  o are,  respectively,  the  real  effective 
permittivity  and  conductivity.  The  time  dependence  is  e~  “ . When  these 
conditions  are  satisfied,  the  horizontal-wire  antenna  has  all  of  the  prop- 
erties of  a transmission  line  like  that  shown  in  Fig.  11(a).  The  complex 

1/2 

wave  number  for  the  current  is  k^  - 8^  + ia^  ■ (-z^y^)  and  the  charac- 

1/2 

teristlc  Impedance  is  2 ■ (z. /y. ) . Explicit  formulas  for  kT  and  Z 

C L L la  C 

as  well  as  for  the  series  impedance  per  unit  length  z^  and  shunt  admit- 
tance per  unit  length  y^  are  In  [16]  for  the  single  wire.  The  formulas 
for  k^  and  Z£  are: 

- k2(l  + [2/ln(2d/a)][l/(2k1d)2  - K^^d) /2kjd  + lirl^^d)  M^d 

- i(2k1d/3  + (2kxd)3/45  + (2k1d)5/1575  + ...)]}1/2  (1) 

Zc  - (kLc2/2xk2) cosh”1  (d/a)  * (k^^wkj) In (2d/ a)  (2) 


1/2 

where  c2  ■ (y^/cg)  * 120*  ohms,  and  1^  are  the  modified  Bessel 

functions.  Comparable  formulas  for  coupled  horizontal  wires  are  in  [18]. 


The  general  formula  for  the  current  at  the  point  x along  a horizon- 
tal wire,  shown  in  Fig.  11(b) , that  extends  from  x ■ 0 (termination  Zq) 
to  x ■ s (termination  Z ) when  driven  by  an  emf  V*  at  x ■ u la  [19]: 

8 U 


I (x)  - 
x' 


I (x)  - 

X 


-IV*  sln(k  x + 16.) sin [k  (s  - u)  + 16  ] 

“T 16"'  +Tea) 5 

-IV®  sln(k  u + 16  )sin[k.(s  - x)  + 16  J 

— 1.J  ♦ 16.) >'-’<• 


(3) 

(*) 
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FIG.  lUa)  COAXIAL  LINE  DRIVEN  AT  ARBITRARY  POINT  u AND 

TERMINATED  IN  IMPEDANCES  AT  EACH  END.  (b)  ANALOGOUS 
HORIZONTAL  WIRE  WITH  IMPEDANCES  AT  ENDS  GROUNDED 
(BEVERAGE  ANTENNA),  (c)  ANALOGOUS  HORIZONTAL 
WIRE  WITH  IMPEOANCES  AT  ENDS  CONNECTED  TO 
MONOPOLES  (GENERALIZED  BEVERAGE  ANTENNA). 


The  complex  terminal  functions  are:  9 ■ p - i#  - coth_1(Z  /Z  ),  where 

V v V VC 

v - 0 or  s.  The  driving-point  admittance  is  Yln  - *ot  • 

center-driven  wire  (u  ■ s/2)  with  length  s ■ 2h  and  origin  moved  to  the 
center  with  x'  - x - h,  these  formulas  give: 


-iv!  sin[k(h  - |x' |)  + 19  ] 

T m U L 8 

xv*  1 cos(kLh  + i9s) 


(5) 


when  9q  “ 9g.  When  the  ends  of  the  antenna  are  open  with  no  attached 
terminations  or  ground  connections,  9g  - pg  - 19  is  nevertheless  signif- 
icant. In  this  case,  pg  takes  account  of  the  relatively  small  radiation 
luto  the  air  and  9g  of  a small  capacitive  end  effect  [17].  When  the  gen- 
erator is  located  at  u ■ 0 and  Zn  - Z ■ Z in  Fig.  11(b),  the  current  in 
the  conventional  Beverage  antenna  has  the  simple  form: 

Ve  ik  x 

Ix(x)  ■ 2z~  e » 0 < x < s (6) 

c 

In  the  generalized  circuit  in  Fig.  11(c),  the  combined  effective 
terminating  Impedance  of  Zq  or  2g  and  the  Impedance  of  the  monopole  with 
length  i ^ A/4  is  chosen  to  be  Z£.  In  this  case,  the  current  in  the 
range  0 < x < s is  given  by  (6)  and  the  currents  in  the  two  extensions 
are: 

sin[k. (1  + x)  + i9fl] 

Ix(x)  - Ix(0)  .g-^t  ^ .19q)  . -i<x<0  (7) 

■ln[k_  (s  + £ - x)  + 19  ] 

Xx(x)  • Xx(,)  ' sto"n^(s  + l)  +"  19g'l  * s<x<s  + l (8) 

ik_  s 

where  1(0)  - Vn/2Z  and  1 (s)  • (V*/2Z  )e  . It  is  shown  by  direct 
X u c X u c 

measurement  in  [17]  that  Zg  and  t for  the  monopole  can  be  chosen  so  that 
(6)  is  an  excellent  representation  of  the  current  along  the  main  part  of 
the  antenna  between  x ■ 0 and  x ■ s.  Note  that  the  generalised  form 
of  the  Beverage  antenna  shown  in  Fig.  11(c)  is  often  preferable  to  the 
form  with  grounded  ends  shown  in  Fig.  11(b)  since  it  does  not  depend  on 
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ground  connect Iona  which  are  practical  only  when  the  earth  la  quite  high- 
ly conducting. 


The  electromagnetic  field  maintained  in  the  air  or  the  earth  by  the 
currenta  in  the  horizontal-wire  antenna  shown  in  Fig.  12  can  be  obtained 
by  Integration  from  the  known  field  of  an  inflnitealaal  horizontal  dipole 
with  moment  I*(x')  dx'.  In  the  air  above  the  earth  the  component  of  in- 
terest la  uaually  E . This  la  generated  by  the  vertically  directed  com- 
z 

ponent  of  the  currenta  Induced  in  the  earth.  The  field  due  to  the  element 
of  current  I^Cx' ) dx'  and  the  aa8oclated  induced  currents  in  the  earth  are 
given  by  Banos  [2]  In  a compact  form.  When  the  Indicated  differentiation 
In  Banoa'  formula  la  carried  out,  the  re8ult  for  the  Incremental  E^t  la: 


10)11  • 
dE,  - r I (x')  dx'  coa  ♦ / dX  X2  J 


iY,|d-  z| 

1(l0)  - ±e 

Y1  " klY2  iY2W+z)| 

T1  + ^2  ' J 


where  the  upper  algn  la  for  z > d,  the  lower  sign  for  0 < z < d.  In  (9), 

222222  “ ~ 

Y^  “ (k^  - X ) and  Y2  “ - X ).  The  field  due  to  the  entire  general- 

ized wave  antenna,  shown  in  Fig.  11(c),  is  obtained  by  integration  over 
Its  length.  At  radial  distances  p^  from  the  origin  that  are  great  com- 
pared to  the  length  a + 21  of  the  antenna  (p  » a + 21),  p * pQ  - x'  cos  4^ 
and 


*Vo 
2 2 

8A2Zc 


ik-x'  0 

e L F(x')  + / dx' 
-1 


aln[kL(i  + x')  + ietJ 


Region  1 (earth) 


FIG.12  GENERALIZED  WAVE  ANTENNA  AT  HEIGHT  d OVER  A PLANE 
EARTH 


is  proportional  to  the  field  of  an  infinitesimal  dipole  at  x' . In  (10), 
is  the  complete  formula  for  the  vertical  component  of  the  electric 
far  field  at  a height  z above  the  earth  due  to  the  current  in  a horizon- 
tal wave  antenna  at  the  radial  distance  and  at  the  height  d above  the 
earth.  It  takes  full  account  of  the  effect  of  the  earth  on  the  current 
and  on  the  field.  The  conditions  | I >*  1 »n<l  k^d  < */2  must  be 
satisfied.  At  heights  k2d  > w/2  the  simple  sinusoidal  form  of  the  cur- 
rent with  a complex  wave  number  k^  is  not  an  adequate  approximation  since 
the  trsnsfer  of  power  into  the  earth  is  no  longer  the  dominant  factor  in 
determining  the  distribution  of  current.  As  k2d  is  increased,  the  dis- 
tribution of  current  approaches  that  of  the  Isolated  antenna  and  for  this 
(6)  - (8)  with  k^  -*■  k2  ere  not  good  zero-order  approximations. 

2.3.  Scattering  by  the  Horizontal-Wire  Antenna  Over  the  Earth 

The  scattered  or  reradlated  field  from  an  unloaded,  open-ended, 
horizontal  wire  in  air  at  a height  d over  the  earth  when  illuminated  by 
an  incident  plane  wave  can  be  evaluated  under  the  same  conditions  Imposed 
on  the  horizontal-wire  transmitting  antenna.  These  are:  |k^/k2|  » 1 

and  kjd  < */2.  The  current  Induced  in  the  scattering  antenna  is  that  due 
to  a continuous  distributions  of  generators  along  its  entire  length  with 
amplitude  and  phase  at  each  point  x • u equal  to  thst  of  the  tangential 
component  of  the  incident  electric  field  at  that  point.  That  is,  the 
current  in  the  wire  due  to  the  incident  field  acting  at  x • u over  the 
lncreamntal  length  du  is  given  by  (3)  and  (4)  with  V*  ■ E*^^  du.  Con- 
sider for  simplicity  that  the  wire  is  oriented  for  maximum  scattering 
with  its  axis  in  the  plane  wave  front  of  the  incident  field  parallel  to 
the  electric  vector  as  shown  in  Pig.  13.  It  is  at  a height  d above  the 
earth,  perpendicular  to  the  plane  of  incidence,  x ■ 0.  The  propagation 
vector  k2  of  the  incident  wave  la  perpendicular  to  the  wire  but  an  an 
arbitrary  angle  6^  with  respect  to  the  vertical  z-axla.  Under  these  con- 
ditions, the  total  Incident  field  acting  to  Induce  currents  in  the  wire 
includes  both  direct  and  reflected  components.  This  latter  is  determined 
by  the  plane-wave  reflection  coefficient  f for  which  the  magnetic 
vector  is  in  the  plane  of  incidence  as  in  Fig.  13.  The  total  field  act- 
ing to  Induce  currents  in  the  wire  is: 
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Here  8^  Is  the  sngle  of  Incidence,  the  coaplex  index  of  refraction  is 
given  by  n2  ■ e^/ej  “ “ eer  + ioe/“co»  E*qC  ia  t*,e  direct  inci- 

dent field  along  the  x axis,  l.e.,  at  0 in  Fig.  13.  Since  E*nc  as  given 
in  (12)  is  constant  in  amplitude  and  phase  along  the  entire  length  of  the 
wire,  the  generator  at  x ■ u acting  to  Induce  a current  in  the  wire  is 
V*  ■ du,  with  E*nc  independent  of  u.  The  total  current  due  to  the 

entire  field  with  its  constant  anplitude  along  the  length  s ■ 2h  of  the 
wire  is 

-IE*"6  sln[k_(a  - x')  + 10  1 x* 

V'*  " Zc  sindk^s  ieQ  + i«8)  £ ■1"(kLu  + 10o)  du 
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This  is  readily  integrated.  If  the  origin  of  coordinates  is  aoved  to  the 
center  of  the  wire  with  the  substitutions  x*  ■ x - h,  s ■ 2h,  and  the 
ends  are  assuaed  to  be  identical,  l.e.,  Zq  » Zg  ■ Z^,  0q  • 0g  ■ 6^,  the 
Induced  currant  is  given  by: 


y*>  - 


.XUL 

hi 


cos  k^x  cos  ieh  - coa(kjh  + i©h) 
cos(k^h  16h) 


With  (12)  and  (13),  this  is  the  final  foraula  for  the  Induced  current  at 
a distance  x froa  the  center  of  a horisontal  wire  with  the  length  a ■ 2h 
and  at  a height  d oyer  the  earth,  when  terainated  at  each  and  in  the 
lapedance  Z^  ■ Zfi  coth  0^.  The  usual  scattering  wire  has  open  ends  for 
which  0^  • Ph  - l#h  has  snail  values  that  take  account  of  the  capacitive 


end  affect  (in  th)  and  reradlatlon  into  the  air  (in  ph).  When  k2d  is 
ill*  * 0 and  (15)  reduces  tos 
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Actually,  the  effect  on  the  distribution  of  current  of  the  te 
(15)  la  not  great  when  the  assumed  condition  k2d  < */2  la  aatlsfled.  In 
fact,  the  distribution  Ix(x)  - lx(0)(coe  kjX  - cos  kLh)/(l  - cos  kjh)  is 
a good  aero-order  approximation  even  when  d *»  • and  1^  + kj.  However, 
the  characteristic  Impedance  Z c in  (16)  cannot  be  used  as  defined  in  [16] 
when  k2d  > w/2. 

The  largest  and  most  important  component  of  the  scattered  field  is 

scat 

E2x  00  “*d  P*rP«ndicular  to  the  plane  x - 0,  as  shown  in  Figs.  13  and 
14.  In  the  cylindrical  coordinates  (p,4,z)  with  origin  on  the  surface  of 
the  earth  below  the  center  of  the  antenna,  the  plane  x - 0 corresponds  to 
♦ ” »/2,  3»/2,  as  shown  In  Fig.  15.  The  reradlated  or  scattered  field  at 
the  point  (x  - 0,  y - p - ^ sin  0,  * - Rq  cos  0)  shown  in  Fig.  14  end 
due  to  the  current  element  I^x')  dx»  at  x - x*  in  the  wire  is  readily 
obtained  from  the  formulas  given  by  Banos  [2].  Thus , 
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FIG  14  HORIZONTAL  WIRE  IN  PRESENCE  OF  MATERIAL  HALF  SPACE  AS 
SCATTERING  ANTENNA 
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FIG.  15  VIEW  OF  ANTENNA  OVER  EARTH 
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Is  the  field  of  e unit  dipole  moment.  In  (18),  p ■ Rg  cos  9 end  z ■ 

Rg  sin  9,  where  9 Is  the  sngle  of  observation  and  Rq  the  distance  from 
the  origin  an  the  boundary  to  the  point  of  observation.  As  before,  “ 
k*  - X^,  “ ^2  ” Th®  8C8tt*r*d  far  field  at  any  sufficiently  dis- 

tant point  in  the  plane  x ■ 0 Is  readily  obtained  since  such  a point  la 
equidistant  from  all  elements  of  current  In  the  reradlatlng  conductor. 
Thus,  when  (15)  is  substituted  In  (17)  and  this  is  Integrated  over  the 
length  of  the  conductor,  the  variable  of  Integration  occurs  only  in  the 
current  and  the  total  field  Is: 
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In  (19) , Ex“"  la  the  total  x-component  of  the  Incident  field  given  by 
(12)  with  (13)  and  la  the  field  per  unit  dipole  moment  given  by  (18). 
If  9^  la  neglected,  the  trigonometric  factor  in  (19)  reduces  simply  to 

gaaf 

(tan  kjh  - k^h),  where  k^  ■ 8^  + i<*L  Is,  of  course,  complex.  Ejx  in 

(19)  le  the  total  scattered  field  in  the  plane  x • 0 of  a horizontal  wire 

with  length  2h  at  an  electrical  height  k.d  < mr/2  over  a matter-filled 
2 2 ^ " 

half-space  with  Ik^/k^l  » 1.  The  other  components  of  the  scattered 
field  and  the  field  at  points  other  than  In  the  plane  x ■ 0 can  be  ob- 
tained in  the  same  general  manner.  The  function  in  (18)  has  been 
evaluated  by  King  and  Sandler  [201  f°r  the  Infinitesimal  dipole  over  wide 
ranges  of  the  parameters. 

2.4.  Conclusion 

The  general  formulas  for  the  electromagnetic  field  of  a horizontal 
infinitesimal  dipole  over  a dielectric  or  conducting  half-space  as  given 
by  Brenner  [13],  Banos  [2],  and  others  have  been  combined  with  the  cur- 
rents derived  by  King  al • [16]  for  the  distributions  of  current  along 
practical  antennas  near  and  in  the  half-space  to  obtain  the  far  fields. 
Two  antennas  for  which  the  currents  are  known  in  their  dependence  on  the 
properties  of  the  material  half-space  have  been  treated.  These  are  the 
generalised  Beverage  wave  antenna  as  a transmitter,  and  the  horizontal- 
wire  antenna  as  a scatterer  In  the  presence  of  the  half-space. 
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